In drilling and production of oil at sea, potable water is most commonly transported to oil platforms using offshore supply vessels (OSV). This transport generates a series of environmental impacts, such as the emission of greenhouse gases and risks to human health. Furthermore, transporting high volumes of water requires large vessels and consequently, very high fuel consumption. To minimise the environmental impacts, water supply options were studied. The desalination of seawater and the reusing of streams from grey water (light and dark) and black water were evaluated and compared with the characteristics of the current supply via OSV. The amount of fuel consumed was collected in the logistics department of the oil company that used the OSVs. Air emissions were quantified using the methodology that the IPCC recommended. The information on the types of sewage treatment was found in the technical manuals from the manufacturers. It was concluded that the reused water could achieve up to 70% reduction in atmospheric emissions, the use of chemicals in the water treatment plant, sludge generation and the consumption of marine diesel fuel for the transport of water. On the other hand, the same reduction can be observed both from the effluent disposal at sea and in the chlorine of the sewage treatment plant. Therefore, the source of water used and the reduction of air emissions can be maintained without impairment of the normal water use in offshore platforms in the Campos Basin. The objective of this study was to diagnose problems related to the current form of water supply, to quantify them and to propose measures for increasing environmental efficiency.
Introduction
Every day, offshore oil platforms use large amounts of water in their activities related to oil exploration and production in the sea. Usually, the drinking water used comes from a drinking water treatment station on land and is transported by 23 offshore supply vessels (OSV) from the collected point to the 60 offshore platforms in the Campos Basin [1] . These platforms are about 112 miles from shore. The seawater is also collected and used for less noble activities, such as flushing toilets.
Supplying water via OSV is a complex operation because it depends directly on weather and navigation compatible with the characteristics of the vessel type. Thus, sometimes a reduced water supply due to shipping difficulties can result in the stoppage of drilling activities for days, representing a significant loss due to the high costs of a platform.
The OSV used in water transport generates maritime emissions that are important on the local, regional and global scales, with local air pollution being one of the most important externalities of shipping. Its effects are acute in urban areas as a result of the manoeuvres, the round trip to and from the platforms, and even in cargo handling activities at the pier [2] .
Each offshore oil rig has a wastewater treatment plant (WWTP). These treatment plants are devices designed to remove the physical impurities, chemical and pathogenic organisms as much as possible, preparing the effluent to be released into the sea in view of the provisions of environmental legislation (national and international).
The desalination and reusing processes have been adopted in many countries as a way to meet the growing demand for water, the lack of surface and underground water sources and their preservation. However, in the case of offshore platforms, the most widely used alternative to reduce dependency on OSV to supply water is seawater desalination. In this particular case, water reusing was proposed as a way to not only reduce atmospheric emissions from marine diesel oil (MDO) combustion, but to also avoid problems related to large amounts of seawater desalination.
The technology currently available allows for the reusing of both grey water and black water streams in offshore oil platforms. It is hoped that the reused water can be used for the same types of applications as the water was initially used for, such as bathing, washing clothes, flushing toilets and deck cleaning. Only the kitchen water is not reused for the same purpose due to processing difficulties. However, it can be sent to a biological Wastewater Treatment Plant (WWTP) and after treatment, it would meet the demands for industrial water or it could be discarded at sea. However, to be able to reuse the water from the grey water and black water streams, it is necessary to fulfil the technical requirements of water quality in each reuse through the use of specific treatment technologies.
To make better use of water, it is essential that the reusing project separate the streams of black water, light grey water and dark grey water. In addition, in order for the recovery of the physical and chemical characteristics of the water to become compatible for use in various applications, effective disinfection of the effluent is necessary to ensure that pathogens are inactive and to ensure that if a person accidentally makes contact with the effluent under conditions of risk, there is not any possibility of biological contamination.
The objective of this work was to diagnose environmental problems related to the current water supply, quantify them and propose measures to increase environmental efficiency in the chain of exploration and production of oil related to the water supply for offshore platforms of Campos Basin in Rio de Janeiro, Brazil.
Study Case
The water supplied to the platforms comes from the Macae River 12.5 miles from the Water Treatment Plant (WTP). The water is pumped processed for placing in the OSV tanks. In 2013, the WTP generated 0.06165 kg of sludge per m 3 of water for 1,095,000 m 3 of water supplied to the 60 offshore oil platforms. In all, a total of 67.5 tons of sludge was produced. During the water treatment process, aluminium sulphate was used at a concentration of 0.04325 kg/m 3 , with 47.4 tons used in 2013. Petróleo Brasileiro S/A Petrobras has a pier in Macaé City, Rio de Janeiro, Brazil for water loading and other products, such as food, chemicals and equipment, for shipping to the platforms via OSVs.
Transport logistics by OSVs to the offshore platforms have many limitations, mainly regarding weather conditions and navigation. The uncertainties cause challenges in scheduling and running deliveries to the platforms, and it is often difficult to secure frequent use of OSVs based on a deterministic plan [3] .
Each OSV should be able to carry enough drinking water to supply up to four platforms in order to reduce the very high costs for this type of transport. The uncertainties regarding weather and navigation conditions result in frequent OSV schedule changes [3] . When loaded with water, the OSVs are required to use the maximum engine power up to the point of final distribution, consuming large amounts of fuel. When the OSV is empty and returns to the pier, the consumption of marine diesel oil (MDO) is much lower [4] . In the ports/pier, the vessels' engines are left running, not only to provide power for lights, electronics, etc., but also to operate cranes and pumps that perform loading and unloading operations. This contributes to the deterioration of local air quality, either by direct emission of pollutants, for example, CO or PM (suspended particulate matter), or because of increased production of secondary pollutants (those formed in the atmosphere as a result of chemical reactions involving primary pollutants), such as O 3 , from the emission of precursor species (NO x ) [5] . Efforts to reduce CO 2 and other pollutants that have been emitted by OSVs should be considered based on research that has already been carried out. This research has taken into account the reduction of emissions due to long-range propagation of these pollutants, their impacts on human health and the climate, and the favourable cost-benefit of reducing these pollutants [6] .
Sulfur dioxide emissions are essentially a function of the sulfur content in the fuel. In the case of marine petroleum fuels, SO 2 emissions are high due to the high sulfur content, which can range from less than 0.3% to more than 5% [7] . The MDOs supplied to the OSVs in Brazil have a sulfur content of about 1% of their weight or 10,000 ppm of sulphur, as described in its MSDS of the BR Distribuidora [8] . Thus, for every 100 kg of fuel oil, 1 kg of sulphur is generated. The burning of the fuel emits sulfur, which reacts with oxygen to form SO 2 [9] . The diesel engines on vessels produce particles as part of their emissions. The gaseous sulfur dioxide (SO 2 ) and nitrogen oxides (NO x ) vessels are converted into aerosols (PM), sulphate (SO 4 ) and nitrate (NO 3 ), particularly in the summer [10] . They can then be transported hundreds of miles on land [7] [11] [12] .
Small amounts of methane (CH 4 ) can be produced when hydrocarbons in the fuel are not completely burned. The methane content of the fuel, the type of engine, the amount of unburned hydrocarbons from the engine and the afterburning emission controls influence methane emissions [13] . Carbon monoxide (CO) is produced by incomplete combustion of carbon from fossil fuels. CO emissions are a function of both the combustion efficiency and the post-combustion emission controls. Once released, the CO contributes to tropospheric ozone formation before the molecules can be further oxidised to CO 2 through natural processes in the atmosphere. When OSVs are at the pier, these emissions add to the already-degraded air quality conditions. At each platform in the Campos Basin, the water is sent to a WWTP after use and is then discarded at sea without any reuse (Figure 1) .
The most common type of WWTP used by the offshore oil platforms in the Campos Basin is a system of electrolytic units. The WWTP works by using electrolytic oxidation of organic material that has been injected with sodium hypochlorite generated in a cell that uses energy and seawater for this purpose. The WWTP then applies a biological treatment based on the degradation of organic matter by aerobic digestion.
The quality of the wastewater treated on the platforms in Brazil must meet the recommendation presented in the CONAMA Resolution 430/2011 [14] and in the MEPC 159 (55) Revised Guidelines on Implementation of the Effluent Standards and Performance Tests for Sewage Treatment Plants adopted on 13 October 2006 [15] . The main standards in the effluent are described in Table 1 . The oily water generated on the platforms after passing through a water and oil separator (WOS) is discarded at sea when its concentration is equal to or less than 15 ppm. Under these conditions, the effluent from the WOS can be sent to the biological WWTP, where the oil can be degraded (in small concentrations) by the existing microbiota. This procedure has been used in many industries to avoid oil discharge in the environment.
Material and Methods
This study focused on the drilling and production platforms in the Campos Basin area belonging to Petróleo Brasileiro S/A Petrobras. It addressed the evaluation of fuel consumption by OSVs in the transportation of water to the 60 platforms of the studied region, the respective amounts of air emissions, and the chlorine discharges of effluents from wastewater treatment plants, in addition to presenting some water reusing possibilities.
To quantify the amount of fuel consumed via water deliveries, it was necessary to consider the conditions of ODM consumption and the time spent in each stage representing the water transport process via OSVs. The permanence of the OSVs at the pier that is to be supplied with water, the amount of time the OSV is beside the platform discharging the water and the respective operating speeds of the motors are known and typically do not undergo changes. However, the main limitation of this study was due to the variations of the time spent, and therefore the fuel consumption, in the following situations: on round trips to and from the platforms, waiting for authorisation to discharge water and travelling between platforms. To solve this problem and ensure that the data was as close to reality as possible, information was collected using the Petrobras logistics for some companies that rent OSVs, as well as the data from the platforms in the Campos Basin. The most frequent times at each step of the process and their engine operating systems were used for the calculations of this study ( Table 2) .
The methodology used to estimate the generation of gases and particulate matter are in accordance with the Revised 1996 Guidelines of the IPCC for Inventories National Greenhouse Gases, which recommends that shipping emissions be estimated by multiplying the amount of fuel used by an appropriate emission factor (EF) (IPCC DEFAULT EMISSION FACTORS FOR SHIPS AND BOATS US) [9] [13] [16] .
The emission factors (EF) used are detailed in Table 3 .
In the proposed reusing system of black water and dark grey water, organic matter degradation occurs by biological processes. After disinfection by ultraviolet light, the stream receives a small dose (2 mg/L) of chloride to maintain a residual amount in the storage tank. This water is reused and used in the discharge vessel, for deck cleaning, as a replacement for evaporated water, and in industrial equipment. The water that is not used it is discarded at sea after passing through an activated carbon filter, preventing chlorine discharge into the environment. The light grey water and black water are completely reused, and therefore, it is not discarded at sea. Similar to reusing black water, after treatment, the light grey water is disinfected with UV and is given a 2 mg/L dose of chlorine with the same goal as previously mentioned.
Results
Given the needs of each platform and the logistics of drinking water transportation, on each trip, OSVs carry 2000 m 3 of water that is prorated equally for four platforms (500 m 3 /travel/platform). Because each platform consumes 50 m 3 of water per day, the OSV must carry water every 10 days. The total MDO consumption per year for 60 platforms is the total consumption per trip (33.45 tons) ( Table 3) times the annual number of trips (540). So, the total consumption of MDO in 2013 was 18,064 tons. Using the EF (Emission Factors) and the total MDO consumption for a year, the quantities of generated gases and particulate matter were determined. Therefore, Table 4 shows the estimated total amount of CO 2 , NO x , CH 4 , N 2 O, NMVOC, CO, SO 2 and PM generated in 2013 by the 23 OSVs that transport drinking water for the 60 platforms in the Campos Basin-RJ-Brazil belonging to Petrobras.
The electrolytic WWTP installed on the platforms in the Campos Basin discard up to 50 mg/L of hypochlorite per litre of effluent generated [17] . To treat 50 m 3 per day of wastewater/platform, 2.5 kg of sodium hypochlorite is produced. Therefore, in 2013, the generation to 60 platforms resulted in 54.75 tons of sodium hypochlorite. In the reusing of effluent water consumed in offshore platforms in the Campos Basin, the best way to reuse water is to separate the effluent into two streams: a black water and dark grey water and the other with only light grey water (Figure 2) .
The chlorine disposal from the biological units is 0.5 to 1 mg/L, while the electrolytic units reach 50 mg/L [17] , which is 50 -100 times greater, thereby generating a more significant environmental impact if it is not adequately neutralised using sodium metabisulfite. Chlorine neutralisation requires the purchase of equipment and chemicals, as well as storage and handling, which is aggravated in electrolytic units due to the high concentration of chlorine in the effluent.
The main tasks of the OSVs in the Campos Basin are carrying water, food, diesel fuel and parts for offshore platforms. However, the vessels that carry water are not the same vessels that transport the diesel oil. Therefore, by reusing water, the food supply can be transported in smaller vessels with low ODM consumption, resulting in fewer atmospheric emissions. If the same vessel is used for both water and food, and reused water being used for 70% of the total water consumption, the water supply via the OSV can be made every 30 days instead of 10 days. Therefore, every step of the current water supply procedures can be reduced in the same proportion, that is, considering the 18,064 tons consumed in 2013, with reusing, the annual water consumption can be reduced by 12,645 tons of MDO (Figure 3) . As a consequence of water reusing, there is a 70% reduction in MDO consumption. The emissions reduction is presented in Table 5 .
The seawater desalination by reverse osmosis or distillation processes, despite being widely used, have operation and maintenance problems, with the main one being the formation of barnacles in the water catchment pipes [18] . On the other hand, to meet an offshore platform's daily consumption needs, it is necessary to treat 50 m 3 /day of seawater with a salinity ranging from 33,000 ppm to 37,000 ppm [19] . This process results in 1.5 tons/day of salt residues being generated. This amount of salt is too aggressive for the reverse osmosis membranes and the internal parts of the distillers [20] [21] .
Regarding the current condition, the reusing of effluent from offshore platforms in the Campos Basin can provide:
1) Macaé River conservation, ensuring greater availability of water for the local population, representing a savings of 766,500 m 3 of water per year, which is enough to supply 14,000 people per day, considering a daily per capita consumption of 150 litres.
2) A reduction of the annual consumption of 33.2 tons of aluminium sulphate in the WTP.
3) The prevention of the generation of 47.25 tons of sludge/year in the WTP, which otherwise would have to be transported and incinerated.
4) Minor emanations of OSVs at all stages of the water transportation to the platforms. 5) Elimination of oily waste disposal at sea. Water reusing and changing the treatment of domestic wastewater from electrolyte to biological-based treatment avoids the disposal of 54.75 tons of chlorine into the sea each year.
Discussion
Using desalination to supply seawater to offshore platforms is already a global reality. However, despite the fact that reusing water for use on offshore platforms is more favourable compared to desalination, water reusing has not been widely adopted. The transport of water via an OSV avoids the drawbacks of seawater desalination. However, when the operational, logistical and environmental aspects of desalination are compared with the reusing of sewage, the latter is the better option. Regarding the choice of WWTS, the electrolytic units are lighter and more compact than are the biological units, making the units advantageous on offshore platforms, where space and weight are crucial considerations for the installation of equipment. However their operational, maintenance and legal limitations point to biological WWTP as being the better option. Furthermore, the reusing proposal allows for the size reduction of the biological WWTP to be used, since the light grey water is reused without going through the WWTP. This reduces the weight and footprint of a biological WWTP that can handle all types of water (light grey water, dark grey water and black water). Finally, with water reusing, small amounts of chlorine will be used (2 mg/L) in the biological WWTP effluent after sand filtration and UV light just to maintain a disinfectant residual in the storage tank. However, the electrolytic WWTPs that handle sodium bisulfite and the tank installation for its storage require the chlorine generation to be neutralised to 50 mg/L in these units.
By reusing water, the environmental impacts are reduced due to the reduction of the OSVs trips, benefitting the local population of Macae City, as well as the global environment, due to the reduction of large amounts of CO 2 emissions. The installation of water reusing equipment requires regular maintenance, which is time consuming and necessitates having a qualified person available for this. However the time currently spent in the OSV discharging water to the platform, which takes 5 h, involves having three people every 10 days, totalling 45 hours of work per month. On the other hand, the maintenance of the water reusing system equipment will require only one person and two hours per week, which reduces the number of people necessary for managing the platforms ( Table 6 ).
The study showed that by using a reverse osmosis treatment in the process of reusing water effluent from showers and laundry, the concentration of total dissolved solids (TDS) is much smaller than is the amount of salt (33.000 mg/L) when seawater is used to provide water. Therefore, reusing grey water allows for less wear of the membranes and lower amounts of solid waste if distillation is preferred. On the other hand, the waste generated by reusing grey water is organic and may be directed to the biological digestion in the WWTP, avoiding discharge into the environment (loss of water), which does not occur in the desalination of seawater. However, it is still more economical, effective, and environmentally friendly to install additional equipment to process the effluent to meet technical requirements than it is to keep the current system of supplying water via OSV.
Conclusions
Due to water scarcity in some regions and its high cost to transport to certain locations, such as on offshore platforms, water reusing a viable alternative solution. This practice also allows for the preservation of water resources that currently being exploited at increasing rates. This study demonstrated that there was a big difference between using OSVs to transport water to offshore platforms in Campos Basin and the effluent recycling from wastewater. In this case, effluent reusing helps to minimise the levels of both air emissions (especially greenhouse gases) and the harmful effects generated by OSVs. In addition, water reusing reduces the consumption of chemicals in the WTP, as well as the generation and incineration of sludge. Furthermore, water reusing protects the marine environment, since it minimises the use of the current method where effluent is disposed into the sea.
Furthermore, the reusing of effluent is also an option for consideration in strategies used for lowering costs in the drinking water supply chain, which is currently done via the use of OSVs. For this to be achieved, changes in water management should be made in order to improve its use, reducing the risk of water shortages caused by OSV limitations. Besides being more feasible, water reusing is one of the best options for optimising water preservation efforts. Therefore, it is preferable to reuse the effluent from the WWTP rather than to meet all water needs using the OSVs. This will leave more water for the population of Macae city, which uses the same water source for their consumption and already is experiencing difficulties in water supply. In this context, the implementation of a system that allows for the reusing of effluent, which shall undergo disinfection based on known techniques before being tested and approved, is relevant.
The investment in systems for effluent reusing provides a rapid return of the invested capital, given the high costs both of transporting drinking water by OSV and using systems for the catchment and treatment of water in Macaé city.
Water reusing will also significantly reduce the climate and sea conditions that could make it impossible for OSVs to supply water due to shipping difficulties. It will also result in a reduction of NO x , SO 2 and particulate emissions from OSVs, having beneficial impacts mainly on the air quality. The goal of environmental efficiency is to maintain the same activities while using fewer emissions, preserving the water sources. Reusing of the effluent is the main alternative, which presents increased opportunities to supply water efficiently. However, with the drastic reduction of OSV-dependent water, distribution logistics for other material being shipped to the platforms should be reviewed in order to reduce the current fleet and costs. Finally, given the advantages of reusing, future platforms and offshore vessels focused on the exploration and production of oil can be planned with these considerations in mind. They should be designed taking into account procedures for water reusing, separating the streams of grey and black water in order to facilitate the process, expanding the possibilities of reusing, reducing energy consumption, lowering operating costs, and preserving the environment.
